ABSTRACT: Oxygen availability in the aggregation of offspring has been shown to be a critical factor affecting the survival and development of embryos in aquatic systems. It is not yet known, however, to what extent the capacity to provide O 2 to embryo aggregations may act on the time of parental protection (here encapsulation), ultimately determining indirect and direct embryonic development. We assessed O 2 conditions during encapsulation, the factors determining those conditions, and the consequences on embryo survival in 2 gastropod species with contrasting developmental modes: Crepidula fornicata, an indirect developer, and Crepidula coquimbensis, a direct developer showing adelphophagy. Results showed that intracapsular O 2 conditions decreased to almost hypoxic conditions throughout development in C. fornicata, in contrast to the oxygenated conditions observed in C. coquimbensis during the entire encapsulation period. These contrasting patterns between species were explained by: (1) differences in metabolic rate of the embryos, (2) differences in total metabolizing material per capsule throughout development, and (3) differences in wall thickness and rates of decay throughout development, which may affect O 2 diffusion. Moreover, when the low O 2 conditions observed at the end of the encapsulation period were maintained after hatching by artificially extending encapsulation for 3 d, a dramatic negative effect on embryonic survival was observed in the indirect developer. In contrast, no effect on juvenile survival was observed in the direct developer. We suggest that hatching at intermediate stages of embryonic development in C. fornicata may be a response to increased O 2 constraints during the encapsulated period.
INTRODUCTION
The biological and physical factors that affect offspring development and survival, as well as their consequences on the evolution of offspring protection, have been extensively studied in terrestrial systems (Stearns 1992) . Theoretical and empirical studies support the hypothesis that high mortality risk during the early stages of development is one of the main biological factors favoring the evolution of offspring protection (Clutton-Brock 1991) . Evidence from marine organisms suggests that mortality risk of unprotected embryos is higher than of protected embryos, regardless of the type of protection, which can range from aggregation in jelly masses or capsules to active guarding of the embryos by the parents (Pechenik 1979 , Rumrill 1990 . A wide range of physical factors can also influence offspring development and survival, determining the need for parental protection, affecting its extent, and ultimately driving its evolution (Williams 1966 , Trivers 1972 , Clutton-Brock 1991 , Roff 2002 . In aquatic systems, the low solubility and diffusion rate of O 2 in water seem to be major constraints of parental protection through offspring aggregation (in amphibians : Crump 1996 ; in marine invertebrates: Booth 1995 , Cohen & Strathmann 1996 , Dick et al. 1998 , Lee & Strathmann 1998 , Fernández et al. 2000 . Embryo aggregations of marine invertebrate species exhibit low O 2 levels which negatively affect embryonic development and survival (Strathmann & Strathmann 1982 , Chaffee & Strathmann 1984 , Strathmann & Chaffee 1984 , Cancino et al. 2000 . However, the consequences of reduced development and mortality risks during the protected phase on the optimal time of parental protection in aquatic systems are still poorly understood.
Offspring of species showing parental protection in the way of embryonic aggregation within jelly masses or capsules may complete part or the whole of its embryonic development within capsules. Offspring may hatch either as larvae (i.e. indirect development) or juveniles (i.e. direct development). There is some evidence that offspring of marine invertebrate species with direct development spend more time in the protected environment than those of species with indirect development. For example, data provided on calyptraeid marine gastropods in Collin (2003) suggest that direct developing species present longer intracapsular periods than species with indirect development (after correction by temperature). Theoretical models predict that the extent of protection time must be positively related to larval mortality risk in the external environment and negatively related to mortality in the protecting environment (Caswell 1981) . Therefore, identifying the factors that affect embryonic survival is critical in understanding the evolution of developmental strategy, including the characteristics of parental protection in aquatic systems (Pechenik 1979) . If O 2 availability is a limiting factor inside aggregations, embryonic and/or parental responses are expected to arise in species showing direct developmental mode in order to increase O 2 availability, reduce embryo mortality inside aggregations, and ultimately extend parental protection in comparison to species with indirect development.
The variety of mechanisms exhibited by marine invertebrates to increase O 2 availability inside embryo aggregations highlights the relevance of O 2 supply as a constraint in the evolution of parental protection in the ocean (e.g. Cohen & Strathmann 1996 , Baeza & Fernández 2002 . Marine species that provide passive protection (e.g. capsules, jelly masses) assure O 2 provision by aggregating the embryos inside materials that enhance O 2 diffusion (e.g. gel; Cohen & Strathmann 1996 , Lee & Strathmann 1998 . In some cases, females adjust the number of eggs (or the amount of metabolizing material) per aggregation according to environmental O 2 conditions (Fernández et al. 2007 ). The degradation of the internal layer of the capsule wall by the embryos also enhances the O 2 diffusion rate throughout development (Cronin & Seymour 2000 , Brante 2006 ). Females of some brooding species actively provide O 2 to their offspring and adjust their brooding behaviors according to the O 2 demand of the embryos (e.g. Baeza & Fernández 2002 . However, it is unclear if the capacity to provide an oxygenated environment to the brood may affect the extent of parental protection in aquatic organisms and therefore explain the wide range of developmental patterns observed among marine invertebrates.
In this work, we tested the potential importance of O 2 availability during encapsulated embryonic development in determining the time of hatching and thus the extent of parental protection. We used 2 marine gastropod species of the family Calyptraeidae; the indirect developer Crepidula fornicata and the direct developer C. coquimbensis, to assess O 2 conditions during encapsulated development, the factors determining O 2 conditions, and the consequences on embryo survival. The calyptraeids are good subjects for these studies because females of every species encapsulate and brood their embryos at least up to the veliger stage (Hoagland 1986 , Collin 2003 . If O 2 availability for embryos constrains the duration of protection, it is expected that C. coquimbensis which exhibits direct development and extended protection (i.e. reaches more advanced developmental stages), would show maternal or embryonic responses that allow the maintenance of oxygenated conditions during development. On the other hand, the shorter protection time (hatching at earlier embryonic stages) observed in C. fornicata might be due to a lack of mechanisms that ensure an oxygenated protecting environment to the embryos throughout development.
Embryos of Crepidula fornicata and C. coquimbensis are packed in variable numbers in thin-walled capsules that do not show apical plugs. The capsules are attached to the substratum by a peduncle (Hoagland 1986 , Brown & Olivares 1996 and are incubated by the female between the propodium and neck (hereafter referred to as the incubation chamber). C. fornicata exhibits indirect development with an encapsula-tion period of ~20 d (at 14°C; A. Brante pers. obs.), after which a veliger larva hatches (at ca. 400 to 450 µm). Metamorphosis of the pelagic larvae into benthic juveniles occur at a size of around 1000 µm. Females may incubate between 28 and 64 capsules, depending on body size, and each capsule may contain between 300 and 500 embryos. Capsular length ranges from 4.5 to 6.5 mm. C. coquimbensis exhibits direct development and intracapsular cannibalism; juveniles hatch from the capsules (at ca. 1000 µm) after ~30 to 35 d of incubation at 14°C (A. Brante pers. obs.). Females incubate between 10 and 36 capsules, with capsular length between 2.5 and 4.0 mm. Females deposit between 45 and 121 eggs capsule -1 , however, only 10 to 20% of embryos survive due to cannibalism at the end of the encapsulated period.
To meet our goals, we first measured O 2 conditions in the incubation chamber and inside the capsules throughout development. Then, we analyzed 3 factors that can affect O 2 conditions during embryo development: (1) changes in standard metabolic rates of the embryos, (2) changes in the amount of metabolizing material, and (3) changes in the thickness of the capsule wall. Finally, we determined the consequences of extended protection under O 2 conditions characteristic of each species on embryo survival. Oxygen conditions in the incubation chamber and inside the capsules. To assess the O 2 conditions that embryos of Crepidula fornicata and C. coquimbensis are exposed to during incubation time, O 2 availability was monitored in the incubation chamber of females and inside the capsules.
MATERIALS AND METHODS

Individuals of
Oxygen conditions in the incubation chamber: O 2 availability (% air saturation) was recorded in the incubation chamber of brooding and non-brooding (control) females using a Presens microptode (Microx I; tip diameter ~100 µm) calibrated to 0 and 100% air saturation (solution saturated with Na 2 SO 3 and aerated water, respectively), at constant temperature (14°C). As individuals of Crepidula fornicata are attached such that one is on top of another forming a stack, a hole was drilled through the shell of the individual below the targeted female to gain access to the incubation chamber. Thus, the female second from the bottom of the stack was used for measurements in all experiments. Crepidula coquimbensis inhabits empty snail shells, so the incubation chamber was reached by drilling a hole through the hosting snail shell. The tip of the microoptode was inserted into the center of the female incubation chamber, which also corresponds to the middle of the capsule clump in brooding females. The microoptode was then fixed in position using modeling clay and super glue. The O 2 level was recorded every 2 s for at least 2 h. While measuring O 2 , females were maintained in plastic boxes with aerated seawater at constant temperature (14°C). After recording O 2 conditions in the incubation chamber, the capsules were counted and the developmental stage of embryos was assessed using a binocular microscope. For this experiment, only females incubating capsules with embryos at Stages I and IV were compared because of the difficulties in attaining a reasonable sample size without prior knowledge of development stages of the embryos. A total of 5 replicates for each female condition (non-brooding females and females incubating embryos at Stages I and IV) and for each species were used. It is important to note that average female size was not significantly different among female conditions (C. fornicata: mean = 91.7 mm (±11.6 SE), F 2,12 = 2.03, p = 0.17; C. coquimbensis: mean = 25.8 mm (± 3.8 SE), F 2,12 = 0.01, p = 0.98). No differences within species were found in the mean number of capsules per clump of females incubating capsules with embryos at different embryonic stages, which is a prerequisite for comparing O 2 conditions in the incubation chamber (C. fornicata: mean = 47.6 (± 5.9 SE), F 1,8 = 0.16, p = 0.69; C. coquimbensis: mean = 23.1 (± 4.4 SE), F 1,8 = 0.59, p = 0.42). Prior to the measurements of O 2 condition, hypoxic conditions were defined by identifying the break point where the % air saturation affects metabolic rate of embryos. This was accomplished by comparing the metabolic rates of encapsulated embryos between 3 categories of % air saturation (100-80, 80-60 and 60-40%) for both species and for embryos at early and late embryonic developmental stages. According to these comparisons, we defined hypoxic conditions at air saturation levels below 60% for both species and developmental stages. Then, the % of time that capsules containing embryos at Stages I and IV were exposed to hypoxic conditions (< 60% air saturation) was estimated for C. fornicata and C. coquimbensis. A 2-way ANOVA was used to determine the significance of differences in the mean % of time that hypoxic conditions were detected in the incubation chamber between female conditions (nonbrooding females and females incubating capsules with embryos at Stages I and IV) and between species. No transformation of the data was needed. The a posteriori Newman-Keuls (N-K) test was used to test for differences between treatments.
Intracapsular oxygen conditions: To evaluate intracapsular O 2 conditions during embryo development, intracapsular air saturation (%) was monitored at different embryonic stages in both species using microoptodes. Calibration of the microoptode was performed as described above. Prior to O 2 measurements, capsules were carefully removed from mothers and kept in oxygenated seawater (100% air saturation, 14°C) for 10 min. Then, the tip of the microoptode was carefully inserted through the wall using a binocular microscope and positioned in the center of each capsule. Once the microoptode was positioned, the capsules were maintained immersed in aerated seawater at constant temperature (14°C). At least 1 h of O 2 recording was conducted for each capsule. In this case, 4 developmental stages (I, II, III and IV) were studied for each species. For each embryo stage and species, a minimum of 6 capsules were measured. For data analysis, only the second 1 ⁄2 h of O 2 recording was used to avoid potential effects of manipulation. Mean O 2 availability, estimated as % air saturation, was compared between species and among embryo stages using a 2-way ANOVA. A posteriori N-K tests were used to determine significance of differences between treatments.
Changes in capsule wall thickness throughout embryo development. To assess changes in the capsule wall through the development of embryos, which could affect O 2 diffusion (Brante 2006) , the thickness of the capsule wall for capsules containing embryos of Crepidula fornicata and C. coquimbensis at Stages I and IV were measured under transmission electron microscopy. For both species, 4 capsules containing embryos at both developmental stages and from different females were fixed and stored in 3% glutaraldehyde with 0.1 M sodium cacodylate buffer at pH 7.2 for later analyses. For electron microscopy, samples were washed overnight in a buffer solution at 4°C followed by fixation with 1% osmium tetroxide for 90 min and dying in a block with 1% uranyl acetate for 60 min. The samples were dehydrated with acetone, preembedded in 1:1 epon:acetone and finally embedded in epoxic resin (Embed 812). After 24 h of polymerization, transversal ultrafine sections of capsule walls were prepared using a Sorvall MT-5000 ultramicrotome and dyed with 4% uranyl acetate in methanol for 2 min, followed by lead citrate for 5 min. Samples were studied under a Philips Tecnai 12 transmission electron microscope at 80 kV. Sections from the mid portion of the capsules were photographed and used to measure wall thickness. Mean wall thickness was compared between species and embryo stages using 2-way ANOVA. A posteriori N-K tests were used to determine significance of differences between treatments.
Oxygen consumption and embryo dry weight throughout embryo development. To identify the main factors affecting intracapsular O 2 availability, total O 2 consumption of the embryos and total metabolizing material in each capsule were measured for both species. Oxygen electrodes (Eschweiler M200) were used to measure embryo O 2 consumption. The electrodes were calibrated to 0 and 100% air saturation (solution saturated with Na 2 SO 3 and aerated water, respectively). Before measurements, each capsule was carefully cleaned with a paintbrush under filtered, UV-sterilized seawater (14°C) to reduce the bacterial charge. Capsules were acclimated for 1 h before experiments in filtered, UV-sterilized seawater at 100% air saturation. Oxygen consumption was measured at 100% air saturation in both species to unmask potential differences in the standardized metabolic rate of embryos between species and avoid bias due to differences in the O 2 condition inside incubation chambers. Oxygen depletion was monitored continuously until 80% air saturation was reached, in a double-wall closed micro-chamber filled with 2 ml of stirred and filtered, UV-sterilized seawater. In each trial, 1 capsule containing embryos was measured at constant seawater temperature (14°C). Oxygen consumption was measured in embryos inside capsules because the embryos of both species, and especially embryos of C. fornicata, show a higher swimming activity outside capsules than inside (pers. obs.) which may overestimate O 2 consumption. At the end of the experiments, capsules were dissected and developmental stage was determined under the binocular microscope. Finally, embryos without capsule were filtered in glass fiber filters and cleaned with formic acid to extract salt content. Filters and embryos were dried in an oven for 24 h and weighed on a digital balance. Total dry weight of embryos was estimated by subtracting the weight of the filter from the total weight (embryo + filter). Estimation of total dry weight (mg) of the embryos per capsule allowed us to estimate embryonic metabolic rate as well as changes in the amount of metabolizing material through developmental time. Oxygen consumption was estimated in µmol O 2 mg -1 min -1 . In this case, 4 embryo stages (I, II, III and IV) were used. Ten capsules per embryo stage, removed from different females, were measured. Two-way ANOVA was used to compare mean O 2 consumption and total dry weight between species and among embryo stages. A posteriori N-K tests were used to test for differences between treatments. Total dry weight data were log-transformed to meet ANOVA assumptions.
Larval/juvenile survival under artificial extension of the parental protection time. Measurements of intracapsular O 2 availability (% air saturation) through embryo development of both species determined the O 2 condition that embryos experienced at the final stages of encapsulated development (see 'Results'). Using this information, we evaluated the consequences of maintaining protection, under O 2 conditions characteristic of late developmental stages, on embryonic survival in these species, artificially extending the encapsulation period for 3 d. During the first hour after hatching, the larvae (Crepidula fornicata) and juveniles (C. coquimbensis) were transferred to artificial incubation chambers maintained at the intracapsular O 2 condition observed at Stage IV in each species (15 and 55% of air saturation, respectively). Seawater was changed each day to prevent bacterial contamination. The incubation chambers were maintained with filtered, UV-sterilized seawater at 14°C. Air saturation level was maintained by bubbling nitrogen through an airstone, and monitored with a Presens microptode (Microx I). pH was monitored with colorfixed indicator sticks and maintained between pH 7 and 8. Daily, the number of larvae or juveniles showing active behavior (surviving larvae and juveniles) was counted under a binocular microscope. A second set of larvae (C. fornicata) and juveniles (C. coquimbensis) were cultivated at 100% air saturation (constant aeration), during the same time period, as a control. Ten replicates per treatment and species were carried out. For C. fornicata, 200 larvae were cultivated in each replicate while 20 juveniles were cultivated for C. coquimbensis, to maintain similar amounts of metabolizing material in both experiments (~2 mg). The larvae used for the experiments were obtained from a pool of larvae collected from 5 capsules, from 5 different females. Since O 2 conditions differed between species, separate t-tests were performed for each species to compare larval survival rate after 3 d of incubation between O 2 conditions. Data were arcsine-transformed prior to the analysis.
RESULTS
Oxygen conditions in the incubation chamber and inside the capsules
Oxygen conditions in the incubation chamber A significant interaction between species and female condition was observed (F 2,24 = 8.9, p = 0.0012; Fig. 1 ), since air saturation in the incubation chamber decreased faster through incubation time in Crepidula fornicata than in C. coquimbensis. The proportion of time that the incubation chamber showed hypoxic conditions increased as embryos developed in both species (N-K test: p < 0.05). For any given stage, the incubation chamber of C. fornicata showed a higher frequency of hypoxic conditions than C. coquimbensis (N-K test: p < 0.05). It is notable that similar levels of hypoxia in the incubation chamber were found between females brooding early stage embryos (Stage I) of C. fornicata and late stage embryos (Stage IV) of C. coquimbensis (N-K test: p > 0.05). The mean % air saturation inside the capsules decreased from 64 to 5% as embryo development progressed in Crepidula fornicata and from 87 to 53% in C. coquimbensis (Fig. 2) . The interaction term of the ANOVA was significant, indicating clear differences in the rate of decrease in air saturation through development between species (F 3,63 = 51.1, p < 0.0001). A posteriori analysis showed that the mean % air saturation inside capsules significantly decreased from Stage I to Stage IV for C. fornicata. Although O 2 conditions (% air saturation) also decreased as embryos developed in C. coquimbensis, significant differences were detected only between capsules containing early (I and II) and late (III and IV) embryo stages (N-K test: p < 0.05). No differences were detected between capsules containing embryos in Stages I and II and between III and IV (N-K test: p > 0.05). It is interesting that mean intracapsular O 2 conditions in C. coquimbensis are comparable to those observed in C. fornicata only during early development. In fact, no differences in mean intracapsular O 2 conditions were detected between capsules containing embryos of C. fornicata at Stage I and capsules of C. coquimbensis containing embryos in any stage of development (N-K test: p > 0.05).
Changes in capsule wall thickness throughout development
Transmission electron microscopy gave indications about the structural organization of the capsule wall of Crepidula fornicata and C. coquimbensis. Capsules of both species showed similar morphology and were composed of 2 layers of different structure and thickness (Fig. 3) . Parallel fibers run along the external layer forming a denser structure than the internal layer. The internal layer is in direct contact with the intracapsular fluid; it is wider and exhibits a lower optical density with only few longitudinal fibers immersed in the matrix. The visible structural organization of the external layer was maintained throughout embryonic development. When total % of wall reduction was compared, a significant interaction between species and developmental stages was observed (ANOVA: F 1,12 = 79.8, p < 0.0001; Fig. 4) . The interaction was significant because the rate of decrease in capsule wall thickness differed between species. C. fornicata showed a greater reduction in capsule wall thickness between early and late embryo development (83%) than C. coquimbensis (51%). Capsules of C. fornicata showed thicker walls than capsules of C. coquimbensis during early embryo development, while the inverse pattern was observed in capsules containing embryos at Stage IV (Fig. 4) . In both cases, only the internal layer thickness decreased. It is important to note that we report the % of decrease in capsule wall thickness throughout development. Since encapsulated development is shorter in C. fornicata than in C. coquimbensis, the difference in daily rate of reduction in capsule wall between species is even stronger. 
Oxygen consumption and embryo dry weight throughout development
A significant interaction between factors was detected in embryo O 2 consumption (F 3,74 = 3.36, p = 0.02). This was explained because O 2 consumption increased at a faster rate throughout development in Crepidula fornicata than in C. coquimbensis (Fig. 5a ). Oxygen consumption of C. fornicata embryos increased significantly from Stage II to IV (N-K test: p < 0.05). No significant difference was detected between embryos at Stages I and II (N-K test: p > 0.05). In contrast, O 2 consumption of C. coquimbensis embryos significantly increased from Stage II to III (N-K test: p < 0.05) but no differences were observed between Stages I and II and between Stages III and IV (N-K test: p > 0.05). Except for Stage I embryos which did not show significant differences between species (N-K test: p > 0.05), O 2 consumption recorded for embryos of C. coquimbensis was almost half the consumption of C. fornicata embryos (Fig. 5a) .
A significant interaction in the ANOVA also precluded us from testing the effect of species and embryo stages on mean dry weight of embryos per capsule (F 3,74 = 2.91, p = 0.02, Fig. 5b) . The interaction was significant because total dry weight of embryos of C. fornicata significantly increased from Stage I to III (N-K test: p < 0.05) while total embryo dry weight capsule -1 of C. coquimbensis was constant throughout embryo development (N-K test: p > 0.05).
Larval/juvenile survival under artificial extension of the parental protection time
Significant differences in larval survival of Crepidula fornicata were observed between treatments after 3 d of artificially extending intracapsular O 2 conditions (t-test: t = 27.7, df = 18, p < 0.0001; Fig. 6 ). Larval survival of C. fornicata decreased to 11.3% under 15% air saturation in contrast to the 98.5% survival in the control treatment (100% air saturation). Crepidula coquimbensis showed a different pattern. Survival of hatching individuals did not differ between the experimental (55% air saturation) and the control treatment (100% air saturation; t-test: t = 1.5, df = 18, p = 0.15; Fig. 6 ).
DISCUSSION
Our comparative analysis of O 2 conditions for embryo development showed clear differences between the 2 calyptraeid species with different developmental modes. While O 2 levels inside capsules and in the incu- . Hypoxia treatments were 15% air saturation for C. fornicata and 55% for C. coquimbensis, which were the O 2 conditions in the incubation chamber at the end of embryonic development. Error bars indicate ±1 SE bation chamber remained higher most of the time in the direct developer Crepidula coquimbensis, constant deterioration of O 2 conditions reaching almost anoxic levels inside capsules towards the later stages, was observed in the indirect developer C. fornicata. The differences in O 2 conditions between species can be explained by a combination of 3 different factors:
(1) differences in embryo O 2 consumption and in the rate of increase in O 2 demand with developmental time, (2) differences in the total amount of metabolizing material per capsule throughout development, and (3) initial differences in capsule wall thickness and in the degradation rate of the capsule wall throughout development. The dramatic effect of artificially extending protection on larval survival allows us to hypothesize that the persistence of an intermediate freeliving stage in C. fornicata may be a response to limitations in O 2 availability inside capsules which may reduce protection time and promote hatching. Oxygen availability during embryo development is one of the most important physical factors constraining embryo packing and parental protection through embryo aggregation in aquatic systems (Booth 1995 , Cohen & Strathmann 1996 , Fernández et al. 2000 , Baeza & Fernández 2002 . In this study, we showed that encapsulated embryos are exposed to brief (Crepidula coquimbensis) or continuous periods (C. fornicata) of hypoxia, especially during late development. In comparison with other marine gastropods, the indirect developer C. fornicata showed one of the most dramatic intracapsular depletions of O 2 availability during embryonic development reported in the literature, reaching almost complete anoxia before hatching (Cancino et al. 2000 , Lardies & Fernández 2002 , Brante 2006 . It is notable that the lowest O 2 levels at late embryonic stages were reported in capsule aggregations of another species with an indirect development strategy, the gastropod Tritonia diomedea (~5% air saturation; Moran & Woods 2007) . The indirect developer Chorus giganteus shows intracapsular O 2 levels lower than 40% air saturation at late embryo stages (Cancino et al. 2000) . In contrast, the few studies evaluating O 2 conditions inside capsules in species exhibiting direct development show smaller changes in this variable through developmental time, and generally higher % air saturation. Intracapsular O 2 availability in the direct developer Acanthina monodon was high (> 50% air saturation) at all developmental stages (Lardies & Fernández 2002) . We found a similar pattern in capsules of the direct developer C. coquimbensis in which O 2 availability never dropped below 50% air saturation. We did not account for the potential effect of the accumulation of metabolites on embryos. However, previous studies suggest that O 2 availability, rather than metabolic wastes, is the main factor limiting embryo development in other marine gastropods , Moran & Woods 2007 . Our observations and the literature strongly suggest that O 2 conditions inside aggregations may influence the extension of parental protection through encapsulation.
The reduction in intracapsular O 2 availability was the result of the combination of an increase in the metabolic rate of embryos in both species and an increase in embryo weight (metabolizing material) in the indirect developer Crepidula fornicata over time. Changes in the metabolic rate throughout embryonic development are commonly observed in other species with either developmental mode (Parry 1978 , Brante 2006 , Moran & Woods 2007 . This phenomenon may be explained by: (1) the increase in metabolic expenditure required by complex cellular processes, such as development of different embryo organs and systems, (2) the increase in the energetic cost of basal maintenance, and (3) the increase in the swimming activity of embryos with time. Our results show that the standard metabolic rate of embryos of the direct developer C. coquimbensis is half that of the indirect developer C. fornicata at intermediate and late embryonic stages (II, III and IV) . One of the factors explaining the differences in O 2 consumption between species is the fact that C. fornicata embryos show higher swimming activity than embryos of C. coquimbensis (A. Brante pers. obs.). The differences in the swimming activity between embryos of both species may be explained by the well-developed velum and high ciliary activity of C. fornicata embryos, which facilitate feeding and swimming during the planktonic phase (Klinzing & Pechenik 2000) . In contrast, embryos of C. coquimbensis have a reduced velum allowing only limited movements. Other morphological traits in embryos of C. coquimbensis are better developed to enhance cannibalistic behavior, such as an elastic oral aperture and a kind of crop that can store cannibalized embryos. Comparing the metabolic rate of embryos between the indirect developers Chorus giganteus, C. concholepas (J. Cancino unpubl. data.) and Tritonia diomedea (Moran & Woods 2007) , and the direct developer Acanthina monodon (M. Fernández unpubl. data), we observed that the direct developer shows almost 1/10 of the metabolic rate observed in the indirect developers. We think that the higher O 2 consumption of the embryos in indirect developers could deplete the intracapsular O 2 more rapidly than in the direct developer. Although more studies are needed to explore the generality of the pattern and the adaptive value of this phenomenon, it is likely that embryos of direct developers show lower metabolic rates which could help to extend protection time.
There is a possibility that the actual value of O 2 consumption of embryos estimated in this experiment, especially in pre-hatching embryos of Crepidula fornicata, may show some bias given that measurements were performed in normoxic conditions and not in natural O 2 conditions (hypoxia); this is because metabolic rate may decrease in response to hypoxia. However, it is likely that the relative response in O 2 consumption which is higher in C. fornicata, and the general pattern observed (i.e. an increase towards late stages for both species), should not change. Nonetheless, we do not discard the hypothesis that a reduction in the O 2 demand of embryos exposed to hypoxic condition may be a response to extreme O 2 conditions inside capsules, reducing the depletion rate of O 2 through developmental time. But, it is clear that any reduction in the metabolic rate of embryos of C. fornicata at late stage is not enough to maintain a long-term viability of life in almost anoxic conditions as our experiments suggest.
The second factor that may explain the changes in intracapsular O 2 conditions in the indirect developer Crepidula fornicata is the increase of metabolizing material (mg of total embryo weight) inside capsules over time. Given that the embryos of this species do not have yolk or other nutrition sources supplied by the parents, it is possible that the increase in the total embryo dry weight was due to consumption of intracapsular material. Previous studies have shown that this behavior is common among encapsulated embryos of gastropod species (De Mahieu et al. 1974 , Rivest 1992 , Rivest & Strathmann 1995 , Moran 1999 , Ojeda & Chaparro 2004 ). For example, encapsulated embryos of the indirect developer C. fecunda, and of indirect and direct developer species of the genus Littorina have provided evidence of consumption of capsular material by embryos (Moran 1999 , Ojeda & Chaparro 2004 ). In addition in C. fecunda, changes in the intracapsular protein content was related to capsule wall degradation (Ojeda & Chaparro 2004) . Our observations under the transmission electron microscope provided evidence that thickness of the internal layer of the capsule wall decreases with developmental time in both C. fornicata and C. coquimbensis. Experimental studies using fluorescent albumen and isotopes showed that encapsulated embryos of the indirect developer C. fornicata may incorporate dissolved organic material from the surrounding medium (A. Brante pers. obs.). In contrast to C. fornicata, the metabolizing material inside capsules of the direct developer C. coquimbensis did not change over the developmental time period. Although degradation of the capsule wall was also evident in this species, experimental observations indicate that the embryos have low capacity for incorporating dissolved organic material (A. Brante pers. obs). Thus, the temporal pattern observed in the total embryo dry weight of C. coquimbensis may be explained by the cannibalistic behavior of embryos (adelphophagy). Embryos of some encapsulating species have the potential to self-regulate the number of siblings (or metabolizing material) per capsule, an adjustment that seems to be related not only to nutritional needs but also to the need to regulate O 2 availability (Lardies & Fernández 2002 ). Like C. coquimbensis, the direct developer gastropod Acanthina monodon shows adelphophagy, cannibalizing siblings during intracapsular development. Moreover, the rate of cannibalism increases as O 2 conditions deteriorate (lower O 2 partial pressure; Lardies & Fernández 2002 ). In the direct developer C. dilatata, more nurse eggs are eaten per embryo when a higher number of eggs per capsule are laid (Chaparro et al. 1999) . Although this kind of response may pay an important cost in terms of embryonic survival (mortality by cannibalism), it may be critical to maintaining the amount of metabolizing material, and consequently reduce or delay the effect of O 2 depletion, allowing embryos to reach more advanced developmental stages.
The reduction in thickness of the capsule wall with time may not only have a nutritional implication, but additional benefits for both indirect and direct developer encapsulated species. Capsule wall thickness of the indirect developer gastropod Fusitritron oregonensis decreases through embryo development (Brante 2006) . These changes have positive effects on intracapsular O 2 conditions, increasing the O 2 conductance of the capsule wall (Brante 2006) . Similar changes in physical parameters of the capsule wall have been reported in other aquatic encapsulating species such as cephalopods (Cronin & Seymour 2000) and amphibians (Seymour et al. 1991 , Seymour & Bradford 1995 , Mills et al. 2001 . It is likely that Crepidula fornicata and C. coquimbensis display a similar strategy to reduce the effects of the increase in embryo O 2 demand with developmental time. However, in contrast to the results observed in F. oregonensis, it is clear that the reduction in thickness of the capsule wall does not compensate for the deterioration of the intracapsular O 2 conditions in C. fornicata, but may help to delay the deterioration in O 2 conditions. A further benefit of a decrease in capsule wall thickness is hatching facilitation. In other species of encapsulating gastropods, hatching of larvae or juveniles usually occurs through the apical plug or the suture (Sullivan & Maugel 1984 , D'Asaro 1988 , Hawkins & Hutchinson 1988 , Garrido & Gallardo 1993 . However, as capsules of C. fornicata and C. coquimbensis do not have any of these structures, hatching would be facilitated by internal degradation of the capsule wall by embryo activity (Ojeda & Chaparro 2004) .
In contrast to these embryonic strategies, parental behavior can contribute to the provision of appropriate O 2 conditions (Hess 1993 , Dick et al. 1998 , Naylor et al. 1999 , Thiel 1999 , Fernández et al. 2000 , Baeza & Fernández 2002 . In fact, females of brooding crabs actively provide O 2 to their egg masses according to the metabolic demand of embryos (Wear 1974 , Wheatly 1981 , Fernández et al. 2000 . However, given that the center of the clump of capsules of the indirect developer Crepidula fornicata exhibited a predominantly hypoxic condition, it seems that brooding females of this species can not provide an oxygenated environment to their progeny. The incubation chamber of direct developer C. coquimbensis showed higher levels of O 2 availability at all developmental stages than that of C. fornicata. It is probable that these differences are related not only to the lower O 2 demand of embryos of C. coquimbensis but also to maternal behavior performed to improve O 2 conditions inside the incubation chamber, which were not evaluated in this study. This problem must be addressed in future work to determine whether maternal ventilatory behavior plays a role in intracapsular O 2 conditions.
The experiment which simulated an extension of the protection time in both species indirectly sheds light on the role of O 2 in limiting the evolution of optimal protection time. The low O 2 levels observed in capsules of the indirect developer Crepidula fornicata containing embryos at late stages can significantly increase the risk of embryo mortality if protection time increases. This was evident in the high larval mortality observed in this species after 3 d of incubation in hypoxic conditions in comparison with the low mortality exhibited by juveniles of the direct developer C. coquimbensis over the same time period. It appears that the combination of encapsulation and poor embryonic and female responses in maintaining proper O 2 conditions inside capsules could play a critical role in shaping parental protection time, particularly in C. fornicata. More studies on marine invertebrates exhibiting parental protection strategies and with different embryonic developmental modes could improve our understanding of the main factors shaping the evolution of parental care in the ocean. 
